Spark assisted chemical engraving (SACE) is a method for 3D microstructuring of glass or other non-conductive materials with high aspect ratio and smooth surface quality. It is applicable for rapid prototyping of microfluidic devices, for MEMS interfacing and similar applications. Typical feature size is in the hundreds of micrometres, down to a few tens of micrometres. It is a table-top technology requiring no clean rooms and no masks and with very modest space usage. It is thus well suited for microfactories. This paper gives a basic introduction to SACE and some machining examples.
Introduction
One of the key activities to be done in a microfactory is machining. As of today, there are still only a very few structuring methods which are compatible with the small space requirements of a microfactory. One of these methods, to be presented here, is spark assisted chemical engraving (SACE 4 ) for non-conductive materials, resembling in certain ways electric discharge machining [1] . It is even possible to combine the two machining methods in a single machine by adding wire electric discharge grinding (WEDG) on the same machine, as has been published earlier [2] [3] [4] [5] . WEDG can then be used to shape the tool for SACE. Other methods to produce the tool on the same machine were also proposed [6, 7] , where the tool is sharpened by inverting the polarity of the process electrodes.
Such machining methods combine high versatility for true 3D machining of various materials with relatively low complexity of the machining centre itself. The complete set-up has been demonstrated as a table-top system and is thus fully microfactory compatible. There is no requirement for additional support systems in the background and very low consumption of consumables. There are no mechanical perturbations (vibration, noise) generated either. Spilling of small quantities of liquid is preventable by relatively simple means. We therefore propose to consider SACE as a key machining method for microfactories.
Spark assisted chemical engraving (SACE) is a novel method for 3D microstructuring of glass or other nonconductive materials with high aspect ratio and smooth surface quality [1] . It is a kind of electric discharge machining (EDM) for non-conductive materials. The main difference is that the dielectric fluid of EDM is replaced by an electrolyte (NaOH). The resulting process is a combination of spark action and chemical etching induced by the electric discharge. This chemical etching effect is the reason for smooth surface quality. There is no generation of microcracks. Aspect ratio can be up to 5 to 1, in some cases even up to 10 to 1. It is thus well suited for microfluidics, microreactors and similar devices. Through holes of a few hundred micrometres can be obtained in about 30 s.
The basic principle of the method has been known since the pioneering work of Kurafuji and Suda in 1968 , who reported the etching of microholes about 6 µm in diameter in glass [8] . A few sensors and devices have been reported [9] [10] [11] [12] , but, to our knowledge, no industrial production with SACE has ever been done. We have been studying and developing the process for a few years. We proposed a device with 3D motion of the working electrode, thus enabling etching of ditches and various features of more complicated structure. At the same time, the process has been investigated scientifically in order to describe the complex combination of various phenomena involved in machining with SACE. This has recently permitted us to increase repeatability and to understand the limit to resolution [13] .
The basic operation of SACE is as follows: a nonconductive sample (usually glass) is dipped in an electrolytic solution (typically NaOH, 30% wt). A needle-shaped tool electrode (stainless steel, or better platinum or nickel) is positioned close to the sample (less than 25 µm [14] ). A counter electrode of large surface area is dipped into the electrolyte. A dc voltage of about 30 V is applied between tool (cathode) and counter electrode (anode).
First, electrolysis occurs, leading to a thin (about 100 µm) gas film around the tool. As soon as this hydrogen film screens the tool from the electrolyte, current breaks down and almost the whole voltage drop is across the gas film. This in turn results in electrical discharges (sparks) at the tool tip. The physical, thermal and, very important, chemical etching combine to remove material leaving no cracks or surface asperities. This process can be sustained over longer time while lowering the electrode or moving it sideways, thus creating the desired feature in the workpiece.
The table-top SACE machining installation and some machining results will now be presented while the phenomenological description of the process and its theoretical interpretation are discussed in more detail in another contribution [7] .
Table top machinery set-up

General needs
As described in the introduction, the set-up for SACE machining is quite simple. However, in order to achieve reproducible machining many parameters have to be controlled. According to the recently published review [1] the main parameters affecting the machining performance are:
• temperature of the electrolyte, • concentration and composition of the electrolyte, • surface of the tool-electrode immerged in the electrolyte, • gas film stability.
The last parameter is the dominant one. It is, to date, the most limiting factor in SACE machining as it is the most difficult to control. It influences mainly the discharge activity and therefore the heat generated for machining. The stability of the gas film itself depends on various other parameters which are at the time probably not all known or clearly identified. Some examples are tool shape, tool surface quality and material, electrolyte and wettability. Active research on the topic is going on in our work group [13, 15] . The control of the other parameters is reasonably straightforward. As a typical example of a desktop machinery implementing SACE technology, the last developed prototype in our research group will be presented.
General description
SACE machining is done on a table-top machine developed for this purpose (see figure 1) . The main components are as follows:
• process cell, • machining head, • XYZ micrometer stage, • vision system, • electrode power supply, • control hardware and software.
The process cell is mounted on an XY stage (resolution 1 µm, range 100 mm × 100 mm). The cell is transparent in order to give access to the vision system from below. Inside the process cell a standard 10 cm Pyrex R wafer, the workpiece, is fixed. In order to keep the conditions inside the electrolyte (temperature, concentration) as constant as possible, the electrolyte is injected and removed in the near vicinity of the tool-electrode (figure 2). The preferred electrolyte is 30%wt NaOH.
Typical materials used for the electrodes are nickel, stainless steel and sometimes platinum. The manufacturing of these electrodes is described below. The head is mounted on a Z stage (resolution 1 µm, range 50 mm) and consists of a flexible structure with one degree of freedom (range 200 µm). Integrated optical sensors allow the measurement of the output relative to the mounting point of the z-displacement of the tool relative to the Z stage. A mini voice-coil actuator can be used, if needed, to control the motion of the tool-electrode (see figure 3 ). This machining head can be used in several operation modes: 
(b) Closed loop mode
In this mode the voice coil actuator is used to control the relative position of the tool-electrode according to a set point value.
As will be described below both modes are used for various purposes in this SACE desktop set-up.
The vision system consists of a CCD camera mounted below the process cell. This system is used mainly to align the tool-electrode according to already existing patterns on the Pyrex R wafer. This gives the possibility of combining SACE with clean room technologies, as already done earlier [11] . The electrode power supply is a 120 W dc voltage source able to maintain stable potentials up to 40 V.
The control software is implemented in a standard PC running LabView R and MS-Windows. The software controls the power supplies of the XYZ stage and the mini voice coil of the machining head.
Microtool manufacturing
Manufacturing of the needed microtools is possible on the same desktop machinery. Two possibilities have been explored to date. A first possibility is to use wire electro discharge grinding (WEDG) [16] . This combination was applied first by Langen et al [2, 4, 5] and used by other research groups [3] .
Another possibility of machining the tool on the same machine doing the SACE processing is proposed by Lim et al [6] who manufacture the tool-electrodes by electrochemical etching as used for STM or AFM applications. To manufacture the tool on the same machining facility as the SACE process has several advantages. The position reference is conserved and manipulations with all possible problems such as contaminations are avoided. Another advantage is the possibility of readjusting the tool if necessary (due to tool wear for example) during the machining operation [5] .
Potential applications
Fields of applications
Applications of glass microstructuring are widespread and various. Glass has some very interesting properties such as its chemical resistance or biocompatibility. It is amorphous and therefore can be chemically machined in all directions. As glass is transparent it becomes very interesting for optical applications or applications where optical visualization of a process is needed. Some promising applications of using glass in the MEMS field are microaccelerometers, microreactors, micropumps and small medical devices (such as implantable flow sensors or drug delivery devices). Various prototypes of such devices have already been machined with SACE technology [9] [10] [11] [12] . Within the framework of the microfactory the applications for SACE may even grow further as this technology is compatible with other process techniques and, contrary to clean room technologies, needs no ultra-clean environment or substrate.
Machining example: array of microholes
As a particular example for a potential application of SACE in a microfactory we discuss here the drilling of a matrix of microholes. The drilling of holes in glass is an important step in several products which may be produced by a microfactory. Holes are needed in microfluidic applications or in various sensors to provide fluid or electrical contacts for example.
Sample task.
As a sample task a 5 × 10 array of precisely positioned (better than 5 µm) microholes in a Pyrex R glass wafer is described. The holes have an entering diameter of 300 µm and a depth of 450 µm. The tool is a stainless steel microelectrode with a conical shape (cone angle: 0.78 rad). The used electrolyte was a 30%wt NaOH solution.
Drilling algorithm.
Drilling was performed by using the open-loop mode of machining head. The algorithm for one microhole can be subdivided into three main steps (see figure 4 ):
1. Positioning the centre of the microhole and localization of the glass surface (calibration) 2. Drilling the microhole with SACE using gravity feed 3. Stopping SACE process when the desired depth is reached. Once the glass surface is detected and located SACE drilling can start. Therefore a dc voltage of 32 V is applied. The tool-electrode moves down by gravity feed as machining is progressing. At the same time the Z stage moves down too (15 µm s −1 , which is similar to the mean SACE machining speed) until reaching the desired depth of 450 µm. SACE drilling is stopped by switching off the power supply as soon as the relative position between the toolelectrode and the Z stage is again the same as in the glass surface localization step. In fact the process is stopped at about 440 µm. The last 10 µm are machined even at switched off power supply.
Results.
A hole is typically drilled in about 30 s. A high aspect ratio, polished surface quality and microcrack free work-piece is obtained with this technique (figure 5). The hole depth average is 452 µm with a variance smaller than 20 µm. The hole opening is relatively rough ( figure 5(b) ) and its average diameter is 290 µm.
The achieved results are quite promising. A severe problem is the relatively large variance of about 20 µm. A closer study of the physical processes involved in SACE [7, 17, 18] has enabled us to greatly reduce the variance [13] . This variance does not come from tool wear as one may think at first. Figures 6(a) and (b) compare the microelectrode before machining and after 15 min machining. No significant tool wear can be observed. From these pictures it becomes clear that during the time of machining of a single microhole (about half a minute), it is not possible to get an error of 20 µm because of tool wear. Indeed, as already mentioned, the main limiting factor is the stability of the gas film [7] . Newest results, which will be published elsewhere, show that it is possible by influencing the wettability of the tool-electrode (by adding surfactants to the electrolyte for example) to reduce this variance to below 5 µm [13] .
Conclusion
SACE machining is a suitable process for rapid prototyping fused silica microdevices requiring high aspect ratio, polished surface quality and microcrack free work-pieces. Typically conical hole drilling (450 µm depth, 300 µm diameter) can be achieved in about 30 s. Hole depth and diameter variance are at the moment 20 µm. SACE appears, because of its simplicity and small space requirements, to be an interesting technology for microfactories. No clean environment or heavy machinery is needed.
